Abstract-The physics of the radiation shielding problem possess several asymmetries which may be exploited in electrostatics to obtain nearly isotropic protection without radial symmetry in the fields, a concept that has been overlooked in previous studies. Electrostatic shielding is advantageous because it solves the problem of secondary radiation generated in passive shields and allows passive shields to he smaller and more directional. This paper presents the results of computer simulations for a linear quadrupole configuration to demonstrate shielding effectiveness for protons and high-Z, high-energy particles, while at the same time driving away thermal electrons. The study indicates that this shielding method is nearly feasible with existing technology, and only modest gains may he needed to make it a reality.
INTRODUCTION
A significant obstacle to the human exploration and development of space is the energetic particle radiation. This radiation is harmful both to crewmembers (and other transported life) and to electronics. The interplanetary radiation has two major components: solar proton events (SPEs), which are unpredictable and very intense but of short duration, and galactic cosmic radiation (GCR) which is less intense but relatively constant and predictable. Life on earth is protected from both by the global magnetic field and the atmosphere. However, a significant flux of this radiation becomes entrapped along the magnetic field lines around the earth-and around other planets that have a global magnetic field--creating a localized zone of intense radiation. Crew members and electronic systems in earth orbit are exposed to all three components (SPE, GCR, and trapped radiation) to a degree depending upon the orbital parameters. Planetary bodies that have neither global magnetic fields nor dense atmospheres, such as Mars and the Moon, offer only one hemisphere of protection to astronauts on the surface, and so the total radiation dose over a mission must include exposure to SPEs and GCR while on the surface as well as in transit. This paper is concerned primarily with the interplanetary radiation environment, although the shielding concepts can be applied to other situations as well.
Electronic Effects
Radiation particles are able to upset the digital state of circuitry because the components on integrated circuits are very small. This is known as a Single Event Effect or SEE. Other hardware such as solar cells may be degraded due to the cumulative effect of radiation. Satellites are sometimes damaged or destroyed during geomagnetic storms caused by high radiation flux.
Biological Effecfs
Biological effects may be either acute or delayed. Acute effects include radiation sickness or bodily impairment occurring immediately or within a month or so of the exposure. It is the result of very intense albeit short duration radiation. For example, a single hard SPE could result in crew death within weeks after the event. During the Apollo program the plan should an SPE occur was for the crew to immediately abort the mission and return to earth. Since it takes only about a day for SPE particles to reach the earth and only a few more days for the radiation to tail off [ I] 0-7803-8155-6/04/$17.00 02004 IEEE 1 exposure. However, the crew would at least he retuned to the earth and receive medical attention within a few days after the event, and the chance of it occurring was small considering the short duration of the missions. This philosophy is certainly not acceptable for longer missions such as to Mars, and so spacecrafi must be adequately shielded for the probable occurrences of SPEs. The goal of shielding the SPEs is to prevent acute biological effects but also to reduce the probability of delayed radiation effects due to the SPEs' contribution to total mission dose.
Delayed radiation effects are the result of cumulative exposure to radiation of all intensities and may include sterility, birth defects, or cancer [Z] . Unless particularly bad SPEs occur, GCR will be the largest contributor to the cumulative dose. Thus, although the intensity of GCR is too low to cause acute biological effects, it is very important to shield against it. The duration of the Apollo missions was sufficiently short that the cumulative GCR dose was acceptable compared to the dose one receives in ordinary terrestrial life. The total mission dose for long-duration trips such as to Mars, on the other hand, will be unacceptable without significantly enhanced spacecraft shielding.
Secondary Radiation
It must be understood that the total dose received by the crew is not only due to the solar and cosmic radiation particles themselves, but also due to secondary radiation. This includes bremsstrahlung X-ray radiation which is generated when charged particles decelerate through collision with the spacecraff or with its passive radiation shields. It also includes nuclei ejected from the spacecraft's passive shields by the colliding solar or cosmic ray particles. Other nuclei in the shields might not be ejected hut yet knocked into energetic nuclear states with short half lives, such that their delayed fission adds to the total dose received by the crew [Z] . A beneficial goal of electromagnetic shielding is to gently redirect the incoming radiation away from the spacecraft while still at some distance, thus avoiding the generation of secondary radiation. However, in the case of bremsstrahlung radiation this is difficult with electrostatics because a field which repels the energetic protons will attract and energize the much larger quantity of low energy (thermal) electrons in the vicinity of the spacecraft. It has been pointed out that a radially symmetric field sufficient to repel 3 GeV positive ions (part of the GCR spectrum) would result in bremsstrahlung radiation sufficient to kill the crew [3] . One goal of the present study, then, is to leverage various asymmetries in order to repel energetic protons without attracting thermal electrons.
THE RADIATION
It is beyond the present study to relate shielding effectiveness to the radiation dose received by the crew. The intention here is to present an overlooked shielding concept and to demonstrate that it merits further analysis, which is on-going. Therefore, shielding effectiveness shall be quantified simply as a percentage reduction in the number of protons and electrons striking the spacecraft as a h c t i o n of their far field energy.
Ln the older literature it was assumed that energetic solar protons were the result of solar flares, and so the term "solar flare" was used interchangeably with "SPE. However, more recent radiation analyses indicate that there are two categories of solar proton events, the "impulsive" and "gradual" type, and the data imply that impulsive events are due to solar flares whereas gradual events are usually due to Coronal Mass Ejections (CMEs) [l]. As explained below, the CMEs, not the solar flares, pose the most significant health threat to the crew. Here we shall briefly review some of the relevant physics, but the interested reader is directed to the referenced reviews or to the primary sources cited therein for a more complete treatment.
Impulsive SPEs
There are thousands of impulsive solar proton events per year. They each occur over a period of just a few hours during which the radiation quickly rises then returns to normal levels. Each such event finds its source in a small region of the sun, usually correlated to a solar flare. The released particles then helically follow the interplanetary magnetic field (IMF) lines that are spiraled outward from the sun. As a result, particles from a solar flare will reach an observer only if the flare occurs very close to the magnetic field line that connects that observer to the sun. The radiation is described as electron-rich, and since electrons are stopped more easily by the aluminum structure of a spacecraft this radiation is not as dangerous as that released in the gradual SPEs.
Gradual SPEs
Radiation analyses demonstrate another category of events, the gradual SPEs. On the order of 10 gradual SPEs occur each year but they are very erratic and presently unpredictable. They develop slowly and run their course over the course of several days, and they are almost always correlated to the visible occurrence of a CME. Hence, the crew in an interplanetary spacecraft should almost always have notification early in the event and should be able to reconfigure their spacecraft and go into "safe" mode in the most protected volume until the radiation has subsided. This is an important strategic possibility because gradual SPEs present the most intense radiation and therefore require the most weight and resources to shield. The ability to go into a temporarily non-operational mode may alleviate shielding requirements for the whole spacecraft, save spacecraft weight and make the mission viable.
The radiation in a gradual SPE is probably due to the acceleration of solar wind particles in the CME shock wave. A CME can be very broad relative to the circumference of the sun, and so it cuts across the magnetic field lines that spiral out to a wide range of latitudes. As a result, the hulk of the accelerated particles are more likely to reach an observer when a CME occurs than when a flare occurs. The shock wave propagation through interplanetary space provides the time scale of the gradual SPE, which explains why it can occur over the course of several days. [I] The radiation from these gradual events has been classified as proton-rich. For example, a set of measurements from two events [4] show the ratio of the peak proton flux to the peak electron flu on the order of lo3 or IO6. The radiation energies and intensities vary widely from one gradual event to another. In a softer event there may he significant quantities of protons at energies no higher than 100 MeV, hut for a hard event the energy spectrum may he significant out to 1 GeV [2, 51. There is a lower quantity of helium and heavier nuclei in a gradual event than there is in an impulsive event due to the composition of the corona where the gradual event's shock wave propagates. (On the other hand, an impulsive flare occurs on the photosphere and apparently ejects particles from even deeper within the sun.) This lower quantity of heavy nuclei is fortunate because the heavy nuclei are more biologically damaging than single protons, having a higher rate of energy deposition into biological tissues per unit length, or "linear energy transfer" (LET) [2] . The number of protons in a nucleus is denoted by Z, so high-Zhighenergy is abbreviated HZE. With heavy nuclei, generally higher kinetic energy results in a higher LET.
With protons the opposite is true, the lower energy protons have a higher LET and are more damaging than the higher energy protons [2] . This is because single protons cannot fragment during nuclear collisions as they pass through the tissue, whereas HZE particles can, and it is the fragmentation which becomes more damaging at higher kinetic energies. Therefore the energy transfer from protons occurs by other means which are more effective at lower kinetic energies. The ratio of doses received from two equal quantities of protons at 1 MeV and 100 MeV is on the order of 10' or IO4. An electrostatic shield will provide significant benefit against gradual SPEs, then, if it deflects all the protons at 100 MeV and below.
The radiation from a gradual SPE has a significant directionality to it, hut some fraction of the particles have been scattered in transit through interplanetary space resulting in an isotropic component to the radiation. Obsenrations by the ACE and Ulysses spacecraft [6, 71 indicate that the isotropic component may he as small as 10% of the directional component and that fact could he easily leveraged to design a directional isostatic radiation shield, repelling both electrons and protons. However, there is also observational evidence that the anisotropic component swings around to a new direction as the CME shockwave overtakes and passes the spacecraft, probably due to the orientation of the magnetic strucbe embedded 3 628 within the shock [7] . These observations also indicate that the isotropic component becomes much more significant as the shockwave overtakes the spacecraft, perhaps equal in amplitude to the directional component. As a result, it is probably necessary to use omni-directional shielding for protection against the gradual SPEs, although some benefit will he gained if the most effectively shielded direction is kept aimed into the peak of the flux.
Galactic Cosmic Radiation
GCR consists of charged particles that have heen accelerated to high energies via processes that are outside the solar system, probably in supemova shockwaves. As a result they arrive isotropically and at a fairly constant rate. Their penetration into the solar system is described by a diffusion equation modulated by the IMF [I] . As a result the intensity of GCR varies by a factor of ahout two to ten, oscillating inversely with the 11 year solar cycle [2, 81.
The GCR presents the most difficult shielding problem due to its very hard energy spectrum and significant quantities of heavier nuclei. The electron and positron component of GCR is small and contributes a relatively small radiation dose to the crew, and protons are actually a worse problem at the lower energy levels such as are commonly found in the more intense SPE radiation. The highest biological damage from GCR is due to the HZE particles. The heaviest element that can he formed in exothermal fusion (normal stellar burning) is the most stable element, iron, the heavier elements being formed only in supernovae and other exotic processes. Hence iron, 56FE+23, is the heaviest of the common ions in GCR and it will cause the highest cumulative radiation dose to interplanetary astronauts [3] .
The energy spectra per nucleon are modeled as approximately the same for the various GCR nuclei, peaking at approximately 300 MeV/nucleon and then decreasing in intensity through an order of magnitude by approximately 3 GeVinucleon [SI. Because all the high-Z elements have spectra of energies per nucleon that are about the same, and ionization charges per nucleon that are about the same (approximately 1 proton per neutron, with hydrogen being the exception), all nuclei will undergo about the same range of deflections in an electric field. Hence, all are equally well shielded in electrostatics, hydrogen being the exception and being more easily deflected by a factor of two. For the following simulations we shall therefore use "FEiz3 as adequately representative of all GCR nuclei.
Because the issue with GCR is cumulative dose, one valid strategy to deal with GCR is to make the interplanetary transit time shorter by developing better propulsion systems. Then in situ resources may he used for shielding against GCR on a planet's surface. Another strategy is to travel at solar maximum when the intensity of GCR is reduced. This has heen considered a zero-sum strategy hecause lower levels of GCR correspond to higher levels of SPE radiation [2] . However, because SPE particles are mostly at lower energy levels compared to GCR, it may be possible to design an electrostatic shield that is far more effective against the former resulting in a large net reduction in the cumulative dose when traveling at solar maximum.
SHIELDING ALTERNATIVES

Passive (Materials) Shielding
Passive shields stop energetic particles through a series of collisions. The effectiveness of the passive shield therefore depends upon the atomic and nuclear structure of the material and its thickness. Passive shielding includes the structure of the spacecraft and its consumables which must be present regardless of the radiation environment, so effective shielding will take advantage of these in the spacecraft design. The mass penalty to the spacecraft then is only the additional mass required to attain the desired level of protection. A disadvantage of passive shielding is the secondary radiation produced during the particle collisions, especially for HZE particles. Transport models have been developed to more accurately predict passive shielding effectiveness [Z]. With the existing uncertainties, it is thought that an effective thickness of as much as 20 cm of aluminum might be needed for adequate protection [SI. It may be advantageous to create a "storm shelter" in the spacecraft which has additional passive shielding in case a hard SPE occurs during the mission [2].
Magnetic Shielding
Magnetic shields would deflect charged particles through the Lorentz force [9, IO] . If the magnetic field is sufficiently strong, very fast particles can be turned with sufficiently small radius to avoid striking the spacecraft at all, and therefore most of the secondary radiation can be avoided. The effectiveness is determined by the strength of the magnetic field, which is limited by the mechanical strength of the conductive coil to withstand the induced forces [IO] . While advances in superconductivity may make this form of shielding more attainable and worthy of huther study, it is argued that passive shields are still more effective per unit mass and do not carry with them the risk of functional failure bome by active systems3 [I I].
Radially Symmetric Electrostatic Shielding
A very strong, positively-outward electric field could repel high-energy protons. However, it has been noted that this will attract the low energy (thermal) electrons from the vicinity of the spacecraft and accelerate them to high velocity before they collide, thus creating lethal levels of bremsstrahlung radiation. It has been assumed that the only 'Note that electrostatic shielding also dcpcnds upon active campancnts, thc electrostatic power supplies, and hence mdundancics will be needed for mission safcty However, the m a s of redundant electrostatic power supplies is insignificant comparcd to the m m of a redundant superconducting magnetic coil.
way to prevent this is to surround the spacecraff by concentric spheres of opposite charge [3, 12-14]. This could, for example, create a weak, negatively-outward electric field to repel thermal electrons from the outer shell, and a strong, positively-outward electric field contained between the next two shells in order to repel high-energy positive ions. This scheme is limited by the vacuum breakdown of the conductors, the limiting electric field strength at which electrons are pulled free from their surfaces into a vacuum. This is on the order of 20 MV/m [12, 151. Keeping below this limit while achieving concentric sphere voltage differences of 3.02 GV (large enough to deflect s6FEiZ3 at 1.4 GeV) would require the sphere diameters to be many hundreds of meters, obviously too large and heavy to be practical [3] . Furthermore, it requires voltages greater than 1 GV in order to repel GCR, and this is considered beyond the current technology for generators carried onhoard light spacecraft.
Plasma Shielding
Another proposed concept was called "plasma shielding," which is a particular combination of electrostatic and magnetostatic shielding [16-201. The electrostatic field is used to repel positive ions, and the magnetic field is used to capture electrons into an artificial radiation belt. This maintains electrical neutrality so that other nearby thermal electrons are not accelerated into the spacecraft. It has been noted that this concept has not been studied in reference to the higher energy GCR particles [2] . A discussion ofplasma shielding is beyond the scope of the present study.
Asymmetric Electrostatic Shielding
We have recently noted that there are other possible solutions with electrostatics that have been overlooked. These solutions exist because the asymmetries of the physics and the asymmetries of the radiation shielding problem may be exploited to achieve nearly isotropic protection without requiring radial symmetry in the repulsive field. The idea is that an electric field can turn positive ions slightly away so that they miss the spacecraft much more easily than it can completely stop them and reverse their momentum. To do so the electric field must not be contained within a small region between concentric shells, but this raises the problem of attracting thermal electrons. However, the component of an electric field from higher order terms in a multipole expansion weakens over much shorter distances than does the component from the lower order terms [21], so it is possible to obtain local deflection of energetic protons around a spacecrafi while at the same time repelling the thermal electrons over a larger region around the spacecraft. In fact, there are numerous other ways that the problem might be solved exploiting the various asymmetries. The key point is that we need not make the leap to concentric shells merely because the repulsion of both electrons and protons is required. In this paper we will examine only one such spacecraft configuration in order to demonstrate the effectiveness of the basic concepts and to explore the feasibility of achieving this shielding with existing technology.
ELECTROSTATICS FEASIBILITY STUDY
To demonstrate that the asymmetrical electrostatics approach may in fact be feasible, we have performed numerical simulations using several variations of a particular shield geometry. The goal of the study is to demonstrate effective shielding with low-complexity designs that could he achieved using low mass, low power components and which could be implemented using existing technologies.
Methodologv
Fortran code was developed to simulate the trajectories of charged particles over the region and scale of space where the electrostatic forces of the shield are predominant. The IMF may be neglected over this scale since the radius of the helical path of a proton due to the UZF is on the order of a million kilometers. Two versions of the code were developed, one in which the radiation flux is highly directional amving through a cone of adjustable solid angle, and one in which the radiation is isotropic. The simulation uses Coulomb's law and Newton's equations in a straightforward numerical integration with selectable finite time steps. It includes the relativistic corrections but it does not include electromagnetic radiation from the accelerating particles. User selections include mass, charge and kinetic energy of the particles. Other user selections allow the initial flux of the particles to be more or less focused upon the spacecraft so that computational time i s not wasted on particles going the wrong way, while at the same time including particles that might hit the spacecraft only because the electrostatic fields steered them into it.
The shields considered in this study are clusters of inflatable spheres, advantageous because of their low mass and easy deployment in space. Because the radiation will eventually discharge the spheres, they must be conductive4 so that they can be continuously recharged. As a result, the charge on each sphere will not be uniform but will move in response to the potential field that results from the total system of spheres. This introduces computational complexity because the problem of finding the electric field resulting from the interaction of multiple charged conducting spheres is not trivial and has been discussed even in the recent scientific literature [22] . It is important to account for the non-uniform charge distribution because, for example, on two oppositely charged spheres that have large radius and are located close to one other, the charge will gather on the near surfaces between the spheres, producing little electric field anywhere except between the spheres.
In order to find the multi-body electric field one may use a variation of the method of images described by Jackson
[ZI], in which each sphere may be replaced by an infinite series of point charges representing all the possible multiple reflections occurring in the complete set of spheres. In the zeroth order approximation of N spheres, each sphere is represented by a single point at its center so that we have simply a set of N point charges. In the 1'' order approximation, each sphere is represented by its original point charge plus the (N-1) reflections of the other points representing the other (N-I) spheres. In the Znd order, each sphere is replaced by the' previous N + (N-1) points plus an additional points, which are the secondary reflections of the 1" order reflections. The polarity of the reflected point charge is reversed in each reflection and its magnitude is diminished by the ratio of the radius of the reflecting sphere divided by the distance from the point to the center of the reflecting sphere. This method therefore produces an alternating series which, despite the growth in the number of reflections in each step of the series, can be shown to be convergent in Coulomb energy [23, referenced in 221. Hence it must also be convergent in the electric field which represents the storage of that Coulomb energy. This series may be truncated whenever sufficient accuracy is achieved.
The original central point charge and all of the image charges within the same sphere can be summed to find the total charge on that sphere. However, we wish to specify the voltage of each sphere, not the total charge upon it, so we must solve for the potential somewhere on the surface of each sphere in terms of the entire set of point charges, and this gives us N equations. The magnitudes of all the image charges were written in terms of the original central point charges, so there are only N unknowns and it is possible to invert the matrix and solve for the entire set of charges in terms of the specified voltages. Once the magnitudes of all the point and image charges are known, the electric field can be written for all space in the vicinity of the radiation shield. We may improve .the accuracy of the truncated series by averaging the calculations over several locations of each equipotential sphere, or by using other numerical methods to adjust the magnitudes and locations of the image charges in order to find a best fit to the desired potentials specified on the spheres. We have found that as long as the diameters of the spheres are less than a third of the distance between the spheres, then a zeroth-order approximation (no image charges) is acceptable for this stage of the study. This is what is presented in this paper.
Simulated Shield Geometv
In this study we simulated a shield with the geomehy shown in Fig. I . No effort has been made to optimize a design yet.
' This study asswncs perfect conductivity. Long-term degradation of this and other material properties is an important consideration for fuhlre study. The overall structure is a linear quadrupole, with a negative pole at each end and a positive pole in the center where the radiation protection is provided. Each pole consists of a cluster of seven spheres as shown in the figure.
In most simulations, the spheres are at potentials of about +/-10 MV relative to their neighbors, and the largest potential used in this study was 30 MV which can he achieved by daisy-chaining three spheres with electrostatic generators between them. Much larger voltages could be achieved by this simple chaining approach which should work well for the space environment with large distances between spheres. For the nominal case, the distance between the centers of the clusters is 100 m, and the distance between the center sphere in a cluster and any of its immediate neighhors is 30 m. The sphere radius is 5 m. In the following simulations we vary these parameters from the nominal values in order to demonstrate the effect.
The voltages on the spheres are chosen so that the spacecraft has an overall negative potential so that the long-distance monopole term in the electric fields will drive away thermal electrons. Energetic ions will penetrate more deeply than thermal particles into the local fields surrounding the spacecraft where the quadrupole structure becomes apparent. This structure repels positively charged particles from the central region of the spacecraft where the crew is located. This can be seen in Fig. 2 . Highly energetic electrons are stopped by passive shielding (such as the 6 631 spacecraft structure itsel0 more easily than highly energetic protons, and so these are allowed to penetrate the electrostatic shield if they have sufficient energy. These will he decelerated by the overall negative charge o f the spacecraft and then accelerated again by the local stmcture near the center, resulting in just a little overall reduction in their energies. Striking the spacecraft they will create some bremsstrahlung radiation. However, these highly energetic electrons are relatively few compared to thermal electrons and so the bremsstrahlung radiation may be kept to a very low or perhaps even negligible level. It may be noted that the highest flux of energetic electrons relative to protons occurs aAer an impulsive SPE, but this is the most directional source of radiation and so if it were necessary the spacecraft could be oriented axially toward the sun, or an additional directional shield could he employed to repel energetic, directional electrons.
RESULTS
Protons with Nominal Shield Configuration
Simulations were performed for low-energy electrons, highenergy protons, and very high energy iron ions. An example of the resulting particle trajectories for protons is shown in Fig. 3 . This is a projection of 3D trajectories onto the plane of view. The particles are 20 MeV protons, the shield configuration is as shown in Fig. 1 (rotated so the long axis is vertical) using the nominal geometric dimensions and VO = V, = V2 = 10 MV. Most of these particles had been aimed into a region wider than hut centered upon the protected zone, which explains the high flux in this region. It can he seen that the flux is repelled from the protected region by -5 L Figure 2 -Potential'approaching the center sphere in the direction normal to the long axis. Note that the negative dip will repel thermal electrons whereas the central peaks will repel energetic protons. the local structure of the fields. Fig. 4 shows 50 MeV protons tired at the same shield configuration. As expected, higher energy particles are not deflected as efficiently as those at lower energies. Nevertheless, a significant reduction in radiation occurs in the protected zone, even for these particles at energies much greater than the shield potentials. Figure 5 compares the protected region for 35 MeV protons with the shield disabled on the left and the shield enabled on the right. When a particle strikes the protected zone, its location is noted by a dot in the figure. This demonstrates how the particle flux is greatly reduced. Simulations are repeated for particles of different energies, and the total strike count is obtained for each. A computation is made for each energy of the fraction of particles which would have struck the protected zone but were deflected away from it. The results for this shield configuration are plotted in Fig. 6. A good fit to these data, shown as the dashed line in the figure, was obtained using the purely empirical form,
with a = 100 MeV and b = 50 MeV.
Electrons with Nominal Shield Configwarion
penetrate into the region where the quadrupole structure is apparent. Therefore, simulations were performed over a larger scale and electrons were considered to have penetrated the shield if they entered a 135 m sphere centered on the spacecraft. All electrons were repelled from this region up to and above 1 MeV, and the effectiveness decayed for higher energies demonstrating anisotropic penetration around the equator of the quadrupole, as would be expected.
The anisotropic pattern of high energy electron penetration is shown in Fig. 9 . If it were necessary to reduce the number of electrons penetrating at these high energy levels, an advantage could be.taken from their directionality so that aneven smaller-scale locally-repulsive structure could repel them from around the equator of the spacecraft. The
Simulations were then performed in the same way for electrons. Examples of their trajectories are shown in Figs. 7 and 8. The goal is to drive the electrons away with the monopole term in the electric fields so that they do not Proton energy (MeV) Figure 6 -Proton Shield Efficiency, defined as the fraction of protons deflected kom the protected zone as a function of particle energy, using the nominal shield geometry as shown in shielding effectiveness for electrons without any such finetuning is shown in Fig. 10 .
Iron Ions with Nominal Shield Configuration
Finally, simulations were performed in the same way for s6FE+2'. The efficiency in deflecting HZE particles is not shown because it is identical to the deflection of protons with one exception: the energy scale per nucleon is about half the energy scale of Fig. 5 . This is because there are about as many neutrons as protons in the stable isotopes, so the energy per nucleon is ahout half the energy per proton. As a result, HZE particles are not deflected as well as single protons by a factor of 2 on the energy scale.
Shielding Eficiency as a Function of Voltage
To determine how the shielding efficiency varies as a function of the voltages on the spheres, simulations were periormed with all the voltages doubled. The result is what one would expect: the plot has the same form as in Fig. 6 except that the fit is obtained by doubling the parameters a and b. Shielding efficiency is shown in Fig. 11 (with both axes logarithmic) as a function of proton energy for three different voltage scales. For example, -10% reduction of 2 GeV proton flux can be obtained by increasing voltages by a factor of 10 as shown by the dotted line.
Shielding Eficiency as a Function of Geometry
Simulations were performed with three geometrical changes:
(1) the distance between clusters of spheres doubled to 200 m, (2) same but also the cluster dimension increased to 40 m, (3) same hut also sphere radius increased to 7 m. The results are shown in Fig. 12 . Changing the long axis had a greater effect on a, the scale exponential decay, but changing the sphere radius had a greater effect on b, the scale of the power law. Changing the cluster dimension had little effect in this zeroth order approximation. A greater effect may be expected if the simulation were using the exact charge distribution on the spheres. 
DISCUSSION OF FEASIBILITY
These simulations have demonstrated the hasic concept, that electrostatic fields which are not radially symmetric can provide isotropic protection from positively charged nuclei without attracting thermal electrons. This makes electrostatics appear more useful because effective shielding can be realized without the burden that had been assumed in previous studies, the heavy concentric grids and support structure needed to stabilize them. What this scheme requires are only lightweight balloons that self-inflate under the Coulomb force, lightweight tethers, and a minimal amount of rigid structure such as thin rods. Four important questions must be addressed. First, can sufficient voltage be achieved to deflect GCR particles and also the highest energy protons in the hardest SPEs? Second, can the voltage source supply sufficient current to offset the incoming radiation current? Third, can the spacecraft maintain its overall (monopole term) charge state? And fourth, what effects will electrostatic shielding have on other aspects of spacecraft design?
First, in order to deflect 100% o f the 56FE+23 ions at 1.4 GeV per nucleon (78.4 GeV) and below, the voltages io the nominal shield configuration would need to be increased by two orders of magnitude. This is not possible using current technology. However, the effective voltage could be increased by several methods: by increasing the number of spheres; by increasing their diameter; by daisy-chaining electrostatic generators between multiple spheres; and by using other geometries. Further study is needed to see if these are feasible. Even if the effective voltage is only increased by a factor of 40 this will result in a 50% reduction of '%EiZ3 ions at 1.4 GeV per nucleon so there may be significant benefit to using electrostatics in conjunction with passive shielding to reduce the total dose. Electrostatics may result in a net mass reduction by reducing the required passive shield mass including "storm-shelter" shielding for hard SPEs.
Breakdown voltage, which was limiting in the concentric sphere design of electrostatic shields, is not an issue in this design since long distances between conductors are easily achieved with low mass. The design presented here bas electric field strengths 1 to 2 orders of magnitude helow the vacuum breakdown level, and geometric changes could easily make that lower if required.
Second, simple electrostatic devices such as Van de Graaff generators are capable of delivering hundreds of microamperes at hundreds of kilovolts to as much as 10 M V . Also, since ripple is not an issue, an alternating current could he rectified to produce several megavolts at 30 mA 124, 251. The latter is 1 8 . 7 5~1 0~'~ electrons per second, or 2.4~10'" particledsec/cm' on a 5 m radius sphere. This is on the order of the solar wind. It should he relatively easy to extend the existing electrostatic generator current capacity by a factor of IO if the need existed.
Third, if solar wind and thermal electrons are being repelled, then the corresponding low-energy protons are being attracted. They will not have sufficient energy to penetrate the inner structure of the quadrupole and create a bremsstrahlung hazard to the crew, but they will strike the outer (negative) poles of the spacecraft and make it necessiuy to eject a net current back into the plasma. Also, particles passing by the spacecraft will radiate as they are accelerated through the interaction, and as a result they will lose energy. Electrons will be repelled no matter how much energy they lose, hut some fraction of the protons can accumulate as a cloud around the spacecraft. This should not degrade shielding because any thermal electrons which manage to penetrate that cloud will be repelled from its core where the spacecraft is located. However, as the protons coutinue to lose energy by radiation and spiral inward, they will increase the positive current into the negative poles of the spacecraft. Occasional pole reversal may be needed to blow these orbiting particles away (with only a small additional integrated GCR dose to the crew). The net negative potential might be achieved through fine-tuning of the neutralizer keeper current in an ion engine (if the overall spacecraft charge need not be too far from neutral) or by extending an additional positively-charged sphere away from the spacecraft on a tether.
Fourth, if electrostatics is used in a spacecraft then they would need to be integrated with the overall vehicle's stmchue and operations at a fundamental level. This is because the vehicle's metallic structure will interact with and affect the fields. Also, deploying the balloons via tethers and flexible rods would be an important part of the mission which must be accomplished successfully before committing the vehicle to a Mars trajectoly, lest after the point of no return the mechanism are found to be jammed. Perhaps most importantly, the use of ion engines would need to be carefully integrated with any electrostatic shielding system because the fields may deflect the jet of ions and affect thrust efficiency. It may be necessary to avoid a monopole term and instead rely upon other asymmetric structure when ion engines are a part of the spacecraft.
CONCLUSIONS
Further advances need to be shown before electrostatics becomes a viable shielding method, However, these advances are not out of reach. Only a factor of 40' improvement is needed in the effective voltages to get a significant reduction in GCR, and of this a factor of 4 may be easily achievable by geometric changes in the overall shield and by increased surface area of the spheres. It is not unreasonable that a factor of 10 improvement may be made in -electrostatic generators when the need is presented to industry. Furthermore, some of this improvement could be achieved simply by placing generators in series and in parallel to obtain the needed voltages and currents, which is equivalent to making the belt longer and wider on a Van de Graaff machine. This is especially easy in the space environment where long distances can be maintained between conductors of different voltage.
The basic reason this new electrostatics shielding concept is more feasible than concentric sphere electrostatics is that radiation particles are gradually steered away over long distances instead of abruptly reversed close to the spacecraft. This is possible because the statement that concentric spheres are needed to solve the thermal electron problem is too restrictive. The thermal electrons are at much lower energies than the particles that cause biological harm and this disparity can he leveraged to find a more finessed solution. The shield desiga shown here is not a final solution, but only a first attempt to demonstrate the concept.
The ease with which a viable design was found implies that there may be much better designs waiting to be discovered. If a design is found which integrates well with a spacecraft structure, it will have the benefit that it will not cause secondary radiation. It reduces the needed mass of passive shields and in some cases may allow the passive shields to be more directional. Electrostatic shielding might also be useful for spacecraft operating in the radiation belts of planets. We conclude that further study of asymmetric electrostatics is warranted witb the goal of moving toward a possible technology demonstration flight in the near future. Ongoing work is addressing these issues.
